Aggressive behaviors are widespread among animals and are critical in the competition for 18 resources. The physiological mechanisms underlying aggression have mostly been examined in 19 breeding males, in which gonadal androgens, acting in part through their aromatization to 20 estrogens, have a key role. There are two alternative models that contribute to further 21 understanding hormonal mechanisms underlying aggression: aggression displayed in the non-22
breeding season, when gonadal steroids are low, and female aggression. In this study we 23 approach, for the first time, the modulatory role of estrogens and androgens upon non-breeding 24 aggression in a wild female teleost fish. We characterized female aggression in the weakly 25 electric fish Gymnotus omarorum and carried out acute treatments 1 h prior to agonistic 26 encounters with either an aromatase inhibitor or an antagonist of androgen receptors. 27
Aromatase inhibition caused a strong distortion of aggressive behavior whereas anti-androgen 28 treatment had no effect on behavior. Territorial non-breeding aggression in female G. omarorum 29 is robust and depended on rapid estrogen actions to maintain high levels of aggression, and 30 ultimately reach conflict resolution from which dominant/subordinate status emerged. Our 31 results taken together with our own reports in males and the contributions from non-breeding 32 aggression in bird and mammal models, suggest a conserved strategy involving fast-acting 33 estrogens in the control of this behavior across species. In addition, further analysis of female Aggressive behaviors are widespread among animals, and they are key in the competition for 53 resources such as food, shelter, and mating opportunities. Males are usually more aggressive 54 than females, however robust female aggression is highly prevalent in many species, and not 55
Androgens and estrogens can be synthesized locally in the brain either from extragonadal 82 precursors [13, [27] [28] [29] or de novo from cholesterol [30, 31] . The study of non-breeding 83 aggression of males and females has opened new avenues of understanding the complexity of 84 the control of aggression and its overall modulation during natural seasonal cycles. 85
86
The weakly electric fish Gymnotus omarorum is a seasonal breeder, which displays year-long 87 active territorial defense maintaining territories both in the natural habitat [32] and in the lab [33] . 88
The non-breeding territorial aggression of wild G. omarorum is robust, elicited in neutral arenas 89 and triggered by the presence of a conspecific [34] . It displays strikingly aggressive encounters, 90 in both intra and intersexual dyads, and males and females show no differences in contest 91 outcome, temporal dynamics of the agonistic encounter, levels of aggression, nor submissive 92 signaling [34, 35] . Male aggression has been rigorously characterized; contest resolution is 93 biased by body size and once dominant/subordinate status is established; the dominant fish 94 displays a long-lasting exclusion of the subordinate fish from its territory [33] . Male non-breeding 95 aggression is independent of gonadal hormones, as it occurs robustly in fish that have been 96 gonadectomized a month prior. In addition, intact fish show circulating androgen (11-97 ketotestosterone) levels unaffected by aggressive encounters. However, aggression is 98 dependent on rapid hormone effects, as the acute inhibition of aromatase distorts contest 99 dynamics and outcome: aggression levels are reduced, and outcome becomes unpredictable 100
[36]. Is fast estrogenic modulation a general strategy underlying non-breeding aggression in this 101 species, independently of sex? This study approaches wild female non-breeding aggression 102 and its control by estrogens and androgens to address this issue. 103 104
Methods 105
We used wild adult females of Gymnotus omarorum (Richer-de-Forges et al., 2009) (body-108 length 15 -26 cm and body weight 9 -60 g) captured from the field and housed for 4 to 5 109 weeks in our facilities before experiments. All experiments were carried out during the non-110 breeding season (June to August) [37] . Fish were collected from Laguna del Sauce (34°51′S, 111 55°07′W), Maldonado, Uruguay using an electrical detector as previously described [37] . 112
Animals were housed in individual mesh compartments (40x40x60 cm) within large outdoor 113 tanks (500 L). These outdoor tanks house aquatic plants brought from the field and were 114 subjected to conditions with natural photoperiod (from LD 10:14 to LD 11:13), temperature 115 manipulations were performed 1 hour before gate removal (see below). The gate was raised 10 147 min after sunset, and fish were separated 10 min after conflict resolution. Dyadic contests that 148 did not reach an establishment of dominance/subordination after 20 minutes of interaction were 149 interrupted and labeled as "dyads with engagement without resolution". Dyadic interactions in 150 which there was no engagement during 20 minutes after gate removal were interrupted and 151 considered "dyads with no engagement". 152
153
Pharmacological manipulations 154
To analyze the rapid modulation of estrogens and androgens we used acute treatment with 155 different inhibitors. Cyproterone acetate (CA) has been previously reported to effectively block 156 AR in teleost fish [39, 40] . Nevertheless, since it had never been used in G omarorum, we 157 confirmed the innocuity of its vehicle and the effectiveness of the inhibitor in this species. We 158 performed an experiment blocking a well-known androgenic-dependent trait previously test, p = 0.006, n = 12, Fig. 1A ), whereas the group treated with testosterone + cyproterone 172 acetate showed no significant increase in its index (paired t-test, p = 0.8, n = 10, Fig. 1B ). This 173 result demonstrates cyproterone acetate effectively blocks androgenic actions in G. omarorum, 174
as shown in other teleost species. To verify the innocuity of mineral oil in the species we 175 compared 6 females injected with PBS to 6 injected with mineral oil (in equal volumes). Fish 176 were recorded individually in the behavioral setup, locomotion was quantified in a 2 minute time 177 window 1 hour after injections. Percentage of time in movement was compared between oil and 178 PBS females, showing no significant difference (Mann-Whitney U test, p = 0.2, n OIL = 6, n PBS = 179 6). Basal EOD rate was calculated for each fish 1 hour after injections (see below), and there 180 was no significant difference between oil and PBS females (Mann-Whitney U test, p = 0.57, n OIL 181 = 6, n PBS = 6). 182
To test the effect of acutely manipulating the androgenic pathway on agonistic behavior, we 183 administered cyproterone acetate to female-female dyads before subjecting them to the neutral 184 arena protocol. One hour before the agonistic encounter, we injected cyproterone acetate (10 μg/gbw, IP) to both individuals, behavioral experiments were performed as described above. To 186 ensure an effective blocking we used a higher dosis than previously reported for other teleost 187
To assess the effect of modulating the estrogenic pathway we used the aromatase inhibitor Fig. 2A) . The 241 contest phase was characterized by overt aggressive displays, higher in dominants compared to 242 subordinates (attack rate Wilcoxon Matched-Pairs test, p = 0.008, n = 8, Fig 2B) . In addition, 243 dominant and subordinate attacks were strongly correlated during contests (R 2 = 0.8, p = 0.003, 244 n = 8, data not shown). During contest and post-resolution phase subordinates emitted electric 245 signals of submission (off rate 0.02 ± 0.005, n = 8; and chirp rate 0.025 ± 0.01, n = 8, data not 246 shown). After resolution, EOD rate rank was established, and the acquired status of dominants 247 and subordinates did not reverse (Fig. 2C ). In the pre-contest phase contenders did not differ in 248 square test 2x2, Fisher exact Test, p=0.035, nFAD = 10, nCTRL = 8). The other two dyads which engaged in conflict did not achieve resolution in a 20-minute period (Fig. 3A) . Of the 5 dyads 262 which resolved the conflict, in 3 the larger contender achieved dominance. The administration of 263 fadrozole increased the latency to the first attack in comparison to control dyads (Mann-Whitney 264 U test, p = 0.014, nFAD = 7, nCTRL= 8; Fig. 3B ) and in the dyads in which conflict was resolved, there 265 was a conspicuous decrease in aggression levels. The attack rates of dominants displayed 266 during contests were significantly lower than control dyads (Mann-Whitney U test, p = 0.019, nFAD 267 = 5, nCTRL = 8; Fig. 3C ), as were the attack rates of subordinate fish ( Mann-Whitney U test, p = 268 0.006, n FAD = 5, n CTRL = 8; Fig. 3D ). This striking overall effect upon aggression levels most 269 probably accounts for the lower percentage of conflict resolution. However, it does not generate 270 a significant modification in the accompanying electric social signals of submission. 271
Subordinates of the dyads with aromatase inhibition did not differ in off rate (Mann-Whitney U 272 test, p =0.9, nFAD = 7, nCTRL = 8), nor chirp rate (Mann-Whitney U test, p =0.3, nFAD = 7, nCTRL = 8). In 273 addition, EOD rate rank was established in fadrozole treated dyads just as in control ones, as 274 post-resolution S/D rate index values were lower than before the contest, reflecting a higher rate 275 of dominants in comparison to subordinates after resolution (pre-contest vs post-resolution S/D 276 rate indexFAD: Wilcoxon Matched-Pairs test, p = 0.06, n = 5, data not shown). Not only did the S/D 277 rate index decrease after resolution as in controls, but the values in themselves did not differ 278 between fadrozole and control dyads, neither during pre-contest phase (Mann-Whitney U test, p 279 = 0.84, nFAD = 5, nCTRL = 7) nor after conflict resolution (Mann-Whitney U test, p = 0.11, nFAD = 5, nCTRL 280 = 7). Fadrozole treated dyads showed no difference compared to controls in locomotor activity 1 281 h after injection, before gate removal (Mann-Whitney U test, p = 0.28, nFAD = 20, nCTRL = 16, data 282 not shown). 283
To analyze if, in addition to estrogenic modulation, endogenous androgens have direct rapid 284 effects upon non-breeding aggression, we treated both contenders of a group of dyads with 285 cyproterone acetate, an androgen receptor antagonist. Acutely blocking the androgen receptor 286 function had no effects upon overall aggression dynamics. Neither conflict engagement, latency to first attack, conflict resolution, nor aggression levels of dominant or subordinate fish showed 288 any significant difference in comparison to control dyads (Mann-Whitney U test attack latency, p 289 = 0.56, n CA = 7, n CTRL = 8; Mann-Whitney U test dominant attack rate, p = 0.67, n CA = 7, n CTRL = 290 8; Mann-Whitney U test subordinate attack rate, p = 0.09, n CA = 7, n CTRL = 8, data not shown). 291
Subordinates of the dyads with cyproterone acetate did not differ in off rate emission (Mann-292 Whitney U test, p =0.45, n CA = 7, n CTRL = 8), nor chirp rate (Mann-Whitney U test, p =0.25, n CA = 293 7, n CTRL = 8). EOD rate rank was established in cyproterone acetate treated dyads as well as in 294 control ones (pre-contest vs post-resolution S/D rate index CA : Wilcoxon Matched-Pairs test, p = 295 0.016, n = 7). Moreover, S/D rate index did not differ between cyproterone acetate and control 296 dyads, neither during pre-contest phase (Mann-Whitney U test, p = 0.38, n CA = 7, n CTRL = 7) nor 297 after conflict resolution (Mann-Whitney U test, p =, 0.38, n CA = 7, n CTRL = 7). 298
299
Discussion 300 301 This is the first report on the evaluation of hormonal control of non-breeding female aggression 302 in a teleost species. We show that a. non-breeding females of Gymnotus omarorum display 303 robust aggressive territorial behavior, b. this aggression depends on rapid modulation of 304 aromatase, revealing the importance of short-term effects of estrogens, and c. androgens show 305 no rapid modulation upon this behavior. 306 307 Territorial aggression in G. omarorum has previously been reported to occur both in males and 308 females, and be sexually monomorphic [34, 35] . Nevertheless, the careful analysis of female 309 aggression separately from male aggression is imperative to approach the hormonal modulation 310 of this behavior. Overtly similar behavior may in fact be based on sexually distinct underlying 311 mechanisms [49] . This is the case of the similar parenting behavior in male and female prairie 312 voles, which are underlain by sexually different vasopressin innervation in key brain areas (reviewed in [49] ). In the present study, female G. omarorum engaged, as expected, in highly 314 aggressive and escalated contests during the non-breeding season, competing for space as a 315 resource. After a short evaluation time, contests were initiated and resolved in less than 5 316 minutes. The larger female won most of the fights, submission was signalled by transient social 317 electric signals and dominance was displayed by actively excluding the subordinate fish from 318 the acquired territory while establishing an EOD rate rank, as has previously been reported 319 acetate is an antagonist of androgen receptors, including those mediating fast nongenomic 338 actions [60] and was effective in G. omarorum as it blocked an androgen-induced change in EOD waveform (Fig. 1 ). Short-term blocking of androgen receptors, however, showed no 340 influence upon non-breeding aggression dynamics nor the establishment of 341 dominant/subordinate status. These results suggest that if androgens are directly involved at all 342 in sustaining aggression during the non-breeding season in females, their action may be 343 through genomic mechanisms, and thus be evinced in a longer time frame. In male G. decrease in dyads which reached conflict resolution (Fig. 3) . These results were strikingly 358 similar to what has been reported for male G. omarorum, in which potential winners failed to 359 either resolve contests or achieve dominance when acutely treated with an aromatase inhibitor 360
[36]. Interestingly, in spite of affecting the intensity of aggressive interactions, aromatase 361 inhibition did not affect electric signalling, which suggests that the electrogeneration system is 362 not sensitive to rapid estrogen effects per se. Our results, taken together with reports of 363 estrogenic modulation of male aggression [36] support estrogen as a key modulator of non-364 breeding aggression, acting through rapid mechanisms in this species. Estrogen, most probably brain derived, has been reported to have rapid effects underlying non-breeding aggression in 366 birds and mammals [18, 19, 23, 24, 63, 64] . The magnitude of these rapid effects upon behavior 367
have been shown to depend on estrogen sensitivity i.e. higher estrogen receptor expression, in 368 key brain regions [21] . It is interesting to focus on how female aggression can bring novel and 369 sexually distinct mechanisms into consideration. Rapid effects of estrogens have been reported 370 to be more pronounced in female than male brains in zebra finch [13] . Non-breeding female 371
Siberian hamsters, which display robust aggression, have very low circulating estrogen levels 372 which are offset by a seasonal increase in estrogen sensitivity in brain areas associated with 373 aggressive behavior [63]. Teleost fish, which have exceptionally high aromatase activity that 374 shows both seasonal plasticity and sexual differences (reviewed in [65]) emerge as an 375 advantageous model for this approach. 376 377
Concluding remarks 378
In this study we show for the first time in a female teleost that non-breeding aggression depends 379 on estrogen production. Females of Gymnotus omarorum rely on short term estrogen synthesis 380 to engage in territorial aggression, maintain high levels of aggression, and ultimately reach 381 conflict resolution from which dominant/subordinate status emerges. Our results highlight the 382 importance of fast acting estrogens in the control of non-breeding female aggression in G. 383 omarorum which taken together with our reports from males of this species, as well as 384 contributions from bird and mammal models point to conserved strategies across species. 385
Further analysis of female non-breeding aggression may shed light on potential sexual 386 differences in the fine tuning of social behaviors. 387 388 statistics. We would like to thank to Agencia Nacional de Investigación e Innovación (ANII), 392
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Specific grants that funded this research: ANII_FCE_6180, ANII_FCE_136381, FCE_4272. with testosterone (T) and subjected to a daily IP injection of mineral oil (n=12) for 15 days 592 changed their EOD waveform as expected [41], increasing the amplitude of the V4 component 593 in comparison to day 1, shown as a significant increase of the index V4 amplitude / V3 594 amplitude (AV4/AV3) (paired t-test, p = 0.006, n = 12). B. Animals implanted with T and 595 subjected to a daily IP injection of CA for 15 days (n=10) showed no significant differences in V4 596 amplitude (paired t-test, p = 0.8, n = 10). 597 598
Figure 2 599
Female non-breeding aggression characterization. A. Female dyadic encounters displayed the 600 three typical phases of agonistic behavior. Submission signals began during the contest phase 601
